The immunochemical and immunocytochemical characteristics of three Acinetobacter calcoaceticus RAG strains were compared in order to clarify the relationship between antibodyinduced agglutination and the production of polyanionic extracellular emulsifier (termed emulsan). In addition to the parent, RAG-92, two mutant strains were examined: (1) a nonagglutinating emulsan-producer (AB 1 9 , and (2) an agglutinating mutant (1 6TLU) defective in the production of emulsan. A combined genetic-immunochemical approach was employed. This included the comparison of crossed immunoelectrophoresis patterns of parent and mutant supernates and the effect of absorption of anti-whole cell antiserum with mutant cells. In addition, agglutinability and competition studies were performed as well as electron microscopic cytochemistry. The results demonstrated that three major antigenic components were associated with the cell surface and the supernate. Mutant cells were altered both in their cell surface properties and in their extracellular products. One antigenic component, termed component C3, was the major cell surface agglutinogen; this component was absent in nonagglutinating mutants. Component C3 may be identical with or attached to the 300nm projections on the parent cell surface, but it is not directly related to the presence of emulsan. It appears that emulsan plays little or no role in the phenomenon of antibody-induced agglutination of this organism.
INTRODUCTION
In a recent report (Bayer et al., 1981) we demonstrated that a surface-specific antiserum could be used to isolate nonagglutinating cell surface mutants of the petroleum-degrading bacterium Acinetobacter calcoaceticus RAG-1. The antiserum was raised against partially purified preparations of an extracellular polysaccharide emulsifying agent (termed emulsan), produced by this organism (Rosenberg et af., 1979; Zuckerberg et al., 1979) . It was interesting that such nonagglutinating mutants were not affected in production of extracellular emulsan. Moreover, immunodiffusion patterns of cell-free supernates revealed but a single immunochemically identical antigenic component in both parent and mutant strains. Since emulsan is associated with the cell surface of the wild-type organism, extracellular emulsan production by nonagglutinating mutants could be explained either by (1) a failure of nonagglutinating mutants to accumulate emulsan at the cell surface, or (2) the presence both on the cell surface and in cell-free supernates of an additional antigenic component(s) which is missing in the nonagglutinating mutants.
In order to resolve this point, we have compared the patterns obtained from crossed immunoelectrophoresis (CIE) of supernates from the parent strain and two different mutants: one was a t Present address : Biophysics Department, Weizmann Institute of Science, Rehovot, Israel.
Abbreviation: CIE, crossed immunoelectrophoresis.
0022-1287/83/0001-0493 $02.00 0 1983 SGM nonagglutinating emulsan producer and the other an agglutinating emulsan-defective strain. The resolution provided by CIE in conjunction with the use of an anti-whole cell antibody preparation enabled the detection of additional antigenic components released from the cell surface. Our evidence indicates that a relatively minor component, found in the cell-free supernates of agglutinating strains, represents the major cell surface agglutinogen, whereas the cell-bound form of emulsan contributes little to agglutination.
METHODS
Bacterial strains. Acinetobacter calcoaceticus RAG-92, a lysine-requiring auxotroph derived from the original RAG-1 isolate (ATCC 31012; Reisfeld et al., 1972) was the reference strain used for these studies. Two mutants derived from strain RAG-92 were also employed : AB15 was originally isolated by differential immunoprecipitation as a mutant which failed to agglutinate in the presence of antiserum (Bayer et al., 1981) and 16TLU was selected on the basis of colonial morphology following mutagenesis with diethylsulphate. Mutant 16TLU is defective in emulsan production and is closely related to those described previously (Pines & Gutnick, 1981) ; colonies of 16TLU are visually less opaque than those of the parent strain. The mutants have remained stable for over two years.
Growth media and culture conditions. Cells were grown as previously described (Bayer et al., 1981) with gyratory shaking at 200 r.p.m. in liquid culture containing 0.15 M-potassium phosphate buffer, pH 7-0,0-8 mM-magnesium sulphate, 3 mM-ammonium sulphate, 2.5% (v/v) ethanol and 100 pg lysine ml-I. Starter cultures were prepared by inoculating single colonies into 2 ml of the above medium. Exponential phase cells were prepared by first inoculating fresh medium with a 1 % (v/v) inoculum from overnight starter cultures, and, following a 5 h growth period, introducing a 0.1 % inoculum of the latter culture into a second flask containing fresh medium. The cells were harvested at a turbidity of 40 to 50 Klett units (measured in a Klett-Summerson colorimeter with a green filter), Stationary phase cells were generally harvested after 3 d growth (approximately lo3 Klett units).
Preparation of cell-free supernates. Cell cultures, following 3 d growth, were centrifuged at 4 "C (8000 g for 10 min) in a Sorvall RC2-B centrifuge. The supernates were collected, passed through a Millipore HAWP-45 filter and stored at -18 "C in the presence of 0.005% sodium azide. Prior to use, the samples were centrifuged in an Eppendorf 5414 microfuge. Emulsan activity (determined by measuring the turbidity obtained by mixing supernates with a defined hydrocarbon solution) and viscosity measurements were performed as previously described Bayer et al., 1981) . Preparation of anti-whole cell (anti-RAG-92) antiserum. Rabbits were injected intravenously with lo9 washed, mid-exponential phase cells of A . calcoaceticus RAG-92. The rabbits were immunized on days 0 , 3 and 6 and bled on day 9. Thereafter, subsequent bleedings were performed 3 d after a booster injection consisting of the same RAG-92 cell preparation. A one month interval separated the primary and booster injections. The antisera were pooled. Double immunodiffusion was performed according to Ouchterlony (1 958).
Absorption of antiserum with cells of AB15. To remove from the antiserum those antibodies which were common in reacting with surface antigens of both RAG-92 and AB15, the following procedure was used. An exponential phase culture of AB15 (200 ml) was washed with 0.15 M-NaC1, and, following centrifugation at 8000g for 10 min, the cell pellet was resuspended in 2 ml of the anti-whole cell antiserum. The cells and antiserum were incubated for 2 h at 4 "C. After centrifugation at 8000g for 10 min, the supernate was subjected to a second absorption step with a second, washed exponential phase culture of AB15. In this manner, only the antibodies to antigens which were present on the parent strain (RAG-92) but absent from the mutant cell surface, should have remained in the absorbed antiserum preparation. Following absorption, the preparations were always tested against supernates from the homologous organism to ensure that no residual common antibody remained.
Agglutination assay. The desired strain was grown to exponential phase and cells were washed three times with 20 mM-Tris buffer, pH 7-1, and resuspended in the same buffer to an A of approximately 1 .O to 1.2. A sample of washed cells (0.6 ml) was added to a disposable 'half-micro' cuvette ( C . A. Greiner, Nurtingen, West Germany) containing 0.1 ml of an appropriate dilution of antiserum. The change in A400 was measured at timed intervals in a Gilford Model 240 spectrophotometer. Preimmune serum was substituted for antiserum in control samples. The entire procedure was carried out at room temperature; sodium azide (0.002%) was added to the buffer to prevent bacterial growth without interfering with the assay.
For comparative purposes, the time required for the reduction of cell turbidity to one-half its initial value (designated tt) was a convenient measure of agglutinability for a constant dilution of antiserum. Since values for tj are inversely proportional to the extent of agglutination, the reciprocal of this measure, i.e. (t+)-l, was employed for graphic representation of agglutination.
CIE. CIE of cell-free supernates was performed according to a modification of the technique described by Weeke (1973) . The stock electrophoresis buffer contained 2.06 g sodium barbital, 0.4 g barbituric acid and 0.1 g sodium azide per litre distilled water (pH 8.6, ionic strength 0.1). The buffer was diluted 1/5 in distilled water, both t Emulsan yield is expressed both in terms of emulsan activity (units ml-l) and specific viscosity (qre,, -
of the cell-free supernatant fluids. Values represent the average of duplicate samples derived from duplicate cultures.
for use as a running buffer and as a diluent for the 1 % (w/v) agarose (Pharmacia, agarose A). Glass plates (Chance Brothers, Smethwick, U.K., 76 x 51 mm) were coated with agarose gels (2 mm thick). Samples (7 pl) of the appropriate cell-free supernate (undiluted) were run in the first dimension at 25 V cm-l for approximately 1.5 h (bromophenol blue was used as a marker). The second dimension gel contained 10 p1 undiluted antiserum (ml agarose)-' and was run at 8 V cm-' for 20 h. Staining procedure. Electrophoresis gels were pressed to minimal thickness according to Laurel1 (1 966), washed twice with saline and once in distilled water, dried and stained for 30 min in 0.02% (w/v) Coomassie brilliant blue R (Sigma), dissolved in a solution of 7% (v/v) acetic acid and 50% (v/v) methanol. Plates were destained in a 50% methanol solution containing 7 % acetic acid.
Cytochemical IabeIIing procedure. Parent and mutant cells were labelled with cationized ferritin (Miles-Yeda, Rehovot, Israel) as previously described (Danon et al., 1972) . About lo8 washed exponential phase cells were resuspended in 1 ml Tris buffer. A solution of cationized ferritin (0.5 mg in 50 pl) was added and the suspension incubated at room temperature for 20 min. The cells were centrifuged in an Eppendorf microfuge and the pellet was washed twice with Tris buffer. The cells were fixed with Karnovsky's fixative (Karnovsky, 1965) .
Immunocytochemical labelling of the cell surface was carried out using the avidin-biotin complex according to our previously described procedures (Bayeret al., 1976a (Bayeret al., , 1979 Bayer & Wilchek, 1980; Skutelsky & Bayer, 1980) . The absorbed antiserum was coupled with biotinyl-N-hydroxysuccinimide ester (Bayer & Wilchek, 1974; Bayer et al., 1979) and the biotin-labelled antibody preparation was added to a suspension of RAG-92 cells (lo9 ml-I) in Tris buffer to a final protein concentration of 1 mg ml-I. The cells were allowed to stand for 10 min at room temperature and a further 50 min at 4 "C. The settled cells were filtered, washed on a Millipore HAWP-45 filter and resuspended in a solution (1 mg protein ml-l) containing ferritin-avidin conjugates (Bayer et al., 19766) . After incubation for 30 min at room temperature the cells were washed by centrifugation and fixed in Karnovsky's fixative.
Processing for electron microscopy. Cells were postfixed for 1 h at 4 "C in 1 % (w/v) OsO,, washed twice with distilled water and dehydrated in graded ethanol solutions. The dehydrated cells were embedded in Epon (Luft, 1961) , and sections approximately 60 nm thick were obtained with an LKB-V microtome. The sections were mounted on naked 400mesh copper grids and coated with carbon prior to viewing in a Jeol 100-B electron microscope at 80 kV.
R E S U L T S
EmulsiJication properties of parent and mutant strains. Emulsan activities of the parent and mutant strains are summarized in Table 1 . Previous results had shown that the emulsan activity in the supernatant fluid, as well as the viscosity, was a function of the concentration of the emulsan polymer . On the basis of the results in Table 1 , therefore, 16TLU was classified as a strain defective in emulsan production, whereas strain AB15 displayed emulsan levels similar to those of the parent strain.
Agglutination of parent and mutant strains. To determine whether the production of extracellular emulsan was linked directly to the property of antibody-induced agglutination, the agglutinability of the parent strain (RAG-92) was compared with that of the emulsan-defective strain (16TLU). Introduction of the anti-RAG-92 antiserum (prepared against whole cells) to cell suspensions of either strain caused a marked agglutination of the cells. The times required for the reduction of cell turbidity to one-half its initial value (ti) were similar (Fig. l) * Strain AB6TLU was derived from strain AB6 (Bayer et al., 1981) and selected on the basis of colonial morphology. The other emulsan-defective strains have been described previously (Pines & Gutnick, 1981) : strain 10 was selected by R. Avigad for poor growth on hexadecane as a carbon source, strains 301 and 314 were isolated by R. Avigad on the basis of phage ap3 resistance, and strain AG-1 was selected by A. Gottlieb for growth on low concentrations of ethanol as carbon source. All of these strains exhibit TLU colonial morphology.
-f Cells were harvested following a growth period of 72 h. Agglutinability is expressed as the time necessary to reduce the turbidity of exponential cell suspensions (in the presence of antibody) to half of the original value. In all cases a 1 : 1000 dilution of antiserum was used.
that the kinetics of agglutinability and hence the interaction between the surface-specific antibodies and the cell surface agglutinogen(s) were similar for these strains (Bayer et al., 1981) . In fact, several other emulsan-defective strains which were isolated by a variety of different methods (Pines & Gutnick, 1981) all exhibited ti values which were equivalent to that of the parent strain (Table 2 ). In contrast, cells of AB15 failed to agglutinate in the presence of anti-RAG-92 anti-bodies (Fig. 1) ; this strain was thus classified as a nonagglutinating mutant as reported earlier (Bayer et al., 1981) .
CIEofcell-free supernates. Using the antiserum prepared against cells of RAG-92, CIE of cellfree supernates derived from the parent strain revealed three major components, termed C 1, C2 and C3 (Fig. 2a) . Component C l was identical to the single band observed previously by immunodiffusion (Bayer et al., 1981) and was the most prominent CIE peak. Component C2 consisted of a well-defined peak of relatively sparse precipitate morphology. Component C3 was the least conspicuous of the three CIE components and appeared as a weak band which failed to penetrate the antiserum-containing gel.
The CIE pattern of AB15 (the nonagglutinating emulsan-producing strain) was similar to that of the parent in that components C1 and C2 were both present (Fig. 2b) . Component C3, however, was consistently absent in the supernatant fluids derived from this mutant.
In the CIE pattern of the emulsan-defective mutant 16TLU (Fig. 2c) , components C2 and C3 appeared similar to those displayed by the parent strain (Fig. 2a) . However, component C1 was altered both with respect to precipitate morphology and electrophoretic mobility. The altered peak, designated C 1 a, exhibited partial immunochemical identity with component C 1 derived from the parent strain, as demonstrated by double diffusion precipitation (Fig. 3) . The identity of the double diffusion lines with CIE peaks C1 and Cla was confirmed by tandem and crossedline immunoelectrophoresis (data not shown).
The anti-whole cell antiserum wiis absorbed exhaustively with washed cells of AB15 in order to eliminate cross-reacting antibodies. As a result, no CIE peaks were visible in the cell-free supernate of AB15 (Fig. 2e) indicating that the absorption process was effective. Using the same absorbed antiserum, the only component visible in cell-free supernatant fluids derived both from RAG-92 and 16TLU was C3 (Fig. 2 d , f ) .
Agglutination using absorbed antiserum. The relationship of the antigens demonstrated by CIE, particularly C3, to the property of antiserum-induced agglutination of cells was studied by comparing agglutination levels of the parent strain with either absorbed or unabsorbed antiserum. Although cross-reacting antibodies against the major components (specific for CIE components C1 and C2) were removed from the antiserum upon absorption with cells of AB15, the absorbed antiserum preparation maintained similar levels of agglutination to those of the unabsorbed preparation. The agglutinability of both RAG-92 and AB15 was measured as a function of antiserum concentration (Fig. 4) . Since t j is inversely related to agglutination, the reciprocal value (ti)-' was used to represent agglutinability. The extent of agglutination of the parent strain was exponentially related to the concentration of surface-specific antibodies. In contrast, no agglutination of AB15 cells was observed over the entire range of antibody concentration tested. Moreover, prior absorption of antiserum with cells of AB15 had relatively little effect on the capacity of the antibodies to agglutinate cells of RAG-92.
Inhibition of agglutination by various agents. In order to examine further whether component C3 was directly involved in agglutination, the effect of various cell-free preparations on the extent of antiserum-induced agglutination of RAG-92 cells was investigated (Fig. 5) . Preincubation of antiserum with cell-free supernatant fluids from RAG-92 resulted in significant inhibition of antibody-induced agglutination. In contrast, neither purified emulsan nor AB 15 supernatant (both of which lack component C3) significantly affected this property.
Ultrastructural aspects of parent and mutant strains. In order to determine the ultrastructural arrangement of the cell surface agglutinogen(s), two complementary labelling techniques were employed in this study. The first technique, which involved labelling bacterial cells with cationized ferritin, revealed extensive exocellular structures on both parent and mutant cells (Fig. 6) , the most striking of which were the extended projections (about 300 nm in length) visible on cells of RAG-92 as well as 16TLU. These projections, however, were absent or perhaps altered on cells of AB15. The only projections observed on AB 15 cells were considerably shorter in length (about 80 nm long). It should be noted that the cell surfaces of parent and both mutant types were heavily labelled with a layer of cationized ferritin particles immediately adjacent to the outer membrane.
The second technique involved labelling of the RAG-92 cell surface with a biotin-labelled absorbed antibody preparation, followed by the addition of ferritin-conjugated avidin. The distribution of ferritin particles in this case appeared as an accumulation of the label at discrete intervals radiating from the cell surface, generally at a distance ranging from 100 to 300 nm (Fig.  7) . Unlike cells treated with cationized ferritin, extensive labelling of the outer membrane was not observed. The ferritin-avidin labelling pattern of strain 16TLU was equivalent to that of RAG-92, but no ferritin label was observed on mutant AB15 cells using this technique (data not shown). 
DISCUSSION
In order to study the potential relationship between the cell surface agglutinogen and extracellular emulsan in A . calcoaceticus RAG-1, the immunochemical and agglutinating properties of two mutant types (a nonagglutinating emulsan-producer and an agglutinating emulsandefective strain) were compared with those of the parent strain. A schematic representation illustrating the differences in cell surface characteristics of these strains is presented in Fig. 8 .
In the case of the nonagglutinating emulsan-producer (AB15), only one of the three major CIE components was missing from the cell-free supernate. This was confirmed by antiserum absorption studies, which demonstrated that (1) components C 1 and C2, derived from the cellfree supernate of AB15, are immunochemically similar to those of the parent strain, (2) the latter components originate from the cell surface since absorption with intact cells removes the Surface agglutinogen of A . cakoaceticus RAG-92 1117 respective cross-reacting antibodies, and (3) C3 is indeed the sole component lacking from the AB15 supernate which could be detected by using the absorbed antibodies. In spite of the fact that absorption of anti-RAG-92 antiserum with AB15 cells presumably removed the majority of cross-reacting antibodies, the effect on agglutination was negligible. This strongly suggests that component C3, or an immunochemically identical determinant, is directly involved in agglutination of RAG-92 cells. Further support was obtained by competition experiments which indicated that a given antigenic determinant present in the supernate of the parent strain (RAG-92), but absent in that of the nonagglutinating mutant (AB15), was capable of inhibiting agglutination, Since the presence of component C3 is the only detectable antigenic difference between the parent and nonagglutinating mutant, this component apparently constitutes the major cell surface agglutinogen in this organism. In the case of the agglutinating emulsan-defective mutant (1 6TLU), the correlation between agglutination and the presence of component C3 remains intact. Furthermore, large amounts of purified emulsan failed to inhibit antibody-induced agglutination of the parent strain, indicating that emulsan does not comprise a surface component which plays a role in the agglutination of A . calcoaceticus RAG-92. Previous results demonstrating that nonagglutinating mutant strains retain the ability to produce extracellular emulsan (Bayer et al., 1981) can, therefore, be explained by the fact that the antiserum described in that study was raised against crude preparations of emulsan. The latter apparently contained additional antigen(s), including component C3. The resultant antiserum preparation was thus multispecific.
Additional evidence relating to the structural organization of this surface component was obtained by comparing the cell surface ultrastructure of parent and mutant strains. Treatment of cells with cationized ferritin provides a general method for the localization of anionic structures on the bacterial cell surface (Skutelsky et al., 1978; Weiss et al., 1979; Skutelsky & Bayer, 1980) . Using this technique, the major difference between agglutinating and nonagglutinating strains was the appearance in the former of extended projections measuring about 300 nm in length. The absence of these projections in the nonagglutinating strain suggests that these surface structures, either directly or indirectly, may play an important role in agglutination and may, in fact, either represent or serve as a carrier for the cell-bound equivalent of component C3. Further support in this regard is provided by the immunocytochemical labelling pattern of the parent (agglutinating) strain (Fig. 7) , since the C3-specific antibodies appeared in discrete aggregates at distances from the outer membrane which approximated to those of the projections labelled by the cationized ferritin. The different labelling pattern between the immunocytochemical and the cationized ferritin techniques may reflect an intrinsic difference in the mechanics of the labelling method itself. The use of the biotin-avidin complex as an intermediary (sandwich) between the antibody and the electron-dense marker could account for the aggregated labelling pattern in this case which may have contributed an additional source of spatial error and consequent loss in resolution. It is interesting to note that the cells shown in Fig.  7 had been agglutinated by the antibody preparation; the location of the ferritin marker thus represents sites of agglutination between cells, and consequently the position of the cell surface agglu t inogen. Finally, the strategy described in this report, together with that of our previous study (Bayer et al., 1981) constitutes a general approach which should prove applicable in many cases where little is known at the molecular level regarding the structure-function relationship of a hypothetical surface component (though in the case of A . calcoaceticus the analysis was made easier due to the relatively simple antigenic structure of the cell surface). Using a combined geneticimmunochemical approach, we were able to design a sensitive qualitative (easily rendered quantitative) identification procedure applicable for immunochemical and immunocytochemical evaluation of the desired surface component. 
